
NPS ARCHIVE 
1962 
HARVEY, R. 



U '· 1\RY 

U.S. NAY ,t,l pQ_, 1 C:ADUATE SCHOOl 
MOt~ f[~EY I CAUFO~N\A 



TRANSISTORIZED VARIABLE DUTY CYCLE 

D.C. VOLTAGE REGULATOR 

* * * * * * * * * 

Richard M. Harvey 



TRANSISTORIZED VARIABLE DUTY CYCLE 

D.C. VOLTAGE REGULATOR 

by 

Richard M. Harvey 
II 

Lieutenant, United State~ Navy 

Submitted in partial fulfillment of 
the requirements for the degree of 

~ASTER OF SCIENCE 
IN 

ELECTRICAL ENGINEERING 

United Statel Naval Postgraduate School 
Monterey, Cali i ornia 

1962 



, <Y 
U.S. NA v, ,L p._ 1 , "t., )UA TE SCHOOL 

MU~HEREY, CALIFORN1A 

TRANSISTORIZED VARIADT .. E DUTY CYCLE 

D.C. VOLTAGE REGULATOR 

by 

Richard M. Hnrvey 

This "'ork is accepted as ful f illing 

the thesis requirements for the degree of 

MASTER OF SCIENCE 

IN 

ELECTRICAL ENGINEERING 

from the 

United States Naval Postgraduate School 



AP.STRACT 

The specifications of a rnl~nile 's pou~r ~upply require thnt n 

variation of output voltage of within .11 be Maintained from an 

unregulated input voltage varying aa much a3 201. from ita quieecent 

v·alue, output load varintion of .1 to .4 ampere&~, and an effic iency 

equal to or better than a series regulator . 

This is a report of experimental and ~nalytic~l inve6tizntiona 

of the fnctora influ~ncing the efficiency of a vnriable duty cycle 

transistorized regulAtor designed to meet the~~ cpeci fic~tion~. 

Bnaic to the theoretical efficiency of thi~ type of regulator is th~ 

relRtion: 

duty cycle = conduction tim~ 
total period 

where "conduction time" i.s the intervAl during which current i e 

paaocd through a low 1o&8 inductor in ~eries between the nour ce 

and load. The load voltage, before final filtering, controls th~ 

conduction time through appropriate feed-back circuitry. A 

discu8sion of the required snd acceptable circuitry and a '~ry 

of the characteristics of the regulator i& included. 

The writer wishes to ~xpreft~ his appreciation for the a~sietnnce 

and encouragement given him by Mr. E. Mueller of the Lockheed Miasil~ 

and Spac~ Compnny in this investigation. 
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J t!TRODUC1'IO~ 

Modul i.~ed ttis~ile ('lectronicG cir<!uit~ requ ire a high e ffS .... 

c iency voltage regulator that ia capable of providing nn output 

voltage con8tantly mAintain!!d within one percent of a $pccified 

value under variable input voltage, output load, and a~bient 

temperature condition~. A series regulator can be de~igned to meet 

nll excesa power during periods of high input voltage and loed , and 

is thus limited in ita theoretical maximum efficiency. Heat gen~rated 

by this power di5Bipation cr~Ate~ problens in module dc&J~ign, '*'hero? 

he~t sinks and temper£ture aenBitive cornponento often cannot be 

phy~ically isolated in the ~ame module. 

Present Beries regulatora are limited in efficiency by the 

relation 

Efficiency = Vout X lout 

If current in and current out are the same, ao in an ideal aeries 

regulator, then efficiency is a function of volt~ge only, 

Eff,.,: iency = 
Vout 

and all voltage above the regulated output ia di~sipated aB bent. 

Power diasipntion may be given by the relation 

If a fluctuating input voltage is provided to be regulated, and 

this input voltage coneistently runs 50~ ov~r the regulated output 

voltage with only occational drops to near the regulated level , 

a large amount of power ia di~~ipated most of the time, 8$ ~hoWtl in 

Figure (1). 
1 



The p:trticunlr duty cycle 'ft?gulator C!.:'lpl•'y~d i.n this t'nnlyaie 

was desiencd to ceet the following $pecificntion!$: 

Input Vol.t:lgc: 24 - 36 Voltail 

Output Voltage: 22.000 Volts 

Output Volt~gc Variation: .1% 

I~otld V3rintion: .1 -.4 amp I 

Efficiency : 85% Of' grenter 

Output voltage ts ,. r <:: !H! t t\t the (lesired value, but the Q}'Btt.'tll cftn 

be modified to provide any output voltnge above 10 voltfi depending 

on component~ and non·r ~gulated source voltage nvailnble~ A 

compari~Ot\ of efficie·ncy o f an ideal eeries voltage regulator and 

the variable duty cycl'! regulator analyzed is shown in Figure (1). 

T~snaistor circuitry is e~ployed. Applications in mobile 

unit8 where e limited amount of power is nvnilable, printed circuit 

heat disoipation is a problem, and good regulation 1~ mandat.ory for 

precision switching or amplification circuite, ju~tify the more 

complex and expensive duty cycle regulato~. 

A general dincusoion of the overnll circuit io pregented to 

acquaint the reader with th~ interaction of each section and provide 

a general basis fo~ further anulysis. Each cection is then delin

iated with respect to ito funetlon in the circuit, and i5 studied 

independently. Wavcforro:s, component vnriations, circuit ~ub~titu

tions. nnd de~ign c:onsiderotions are preoented in the discussion of 

the indi,,id~~l sections. Conclueion& and commenta are L~de in hop~s 

that this circuit may be beneficially used in other application~. 
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GENERAL OPERATION 

A magnetic field contains potential ener gy . Electrical 

energy is changed to magnetic flux when bu i lding up the field of an 

iron core inductor, and changed back to electrical energy when the 

field collapses. Efficiency of energy transformation io essentially 

determined by hysteresie and eddy current losses in the core, and 

if both Are small the core may be likened to a reservoir thAt stores 

nnd discharges energy. 

A capacitor is aleo an energy storage device, but stores 

electrical energy itself without any transition. Cogent use of 

these properties provides a means of storing the energy of a square 

DC wave and essentially filtering it to some integral DC value. 

For an ideal filter, 

For a low pass filter of 

o----
instantaneouo voltage 

'T' 

.j j E1n 
0 

the type 

lin dt 

which in r~sponse to a step input i8 shown. 

t 

* 

to 

f \_/', /'- .~~ 
J 

time--

Derivation in Appendix 3 
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1 f it is tHHmm~..:d thn t the tim~ conBtant of th~ filte-r ia 

mu\!h much gr~ater than t he period of the: inpu t squ.ore wnve, then 

the filtered ste~dy atnt~ ripple voltnge will appear in the 

follo~i.ng manner : 

I~put Vol tnge I 
_-1-/~\__ 

1/ - .... ,, 
I ' 

I '~ 
.~-' 

I 

I 

t,.l 

to 

I 

\ 

;:. !:: .: 0 \ 
----._1 I 

I 
\ 
\ 
I 

Time.-. , 
\ 

By varying the conduction time of the input 3quc.re wave D.t con:Jtttnt 

current output, s r~~ greater integral of output voltage ir achieved, 

so that the output voltage of the filter may be controlled by 

lengthening or decreasing the conduction time per cycle. 

This is the theory of oper~tion of the v&riablc duty cycle 

voltage regulator, a Bchen'latic of which appears in Figure (2), 

and block diagran in Figure (3). 

INPl.IT l I~l-lcER .. 
] DC+RIP!'LE 

-1 SWITCIIIL 
,_, R-E-F-El-tE_N_C_E I 

Figure (3) - Block dingram of variable duty cycle regulator . 

At steady state operation, a ewitching circuit is excited by the 

extremes of the ripple voltage and varies the width of the duty cycle 

to maintain a constant DC voltage output. 
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As ohown in the bl ock <t.Hnct·l'rl the regulator cr.n b~ functlnnnlly 

div ided into the volta ge refer ence c f.rcuit, the S\.1itching circuit, 

nnd the power conduc tion c i rcuit . These aubcircuits are di.s cuooc.!d 

individually. 

Frequency and duty cycle variation are independent. Pul~e 

,..,idtb in ideally de termined by the following relation: 

Vout 
Vdr op 
Vin 

Conduction Time 
= Duty cycle = 

Total per iod 

- Regulated output voltnge 
.. Drop across power transistor 
- Nonregulated input voltage 

Vout ~ Vdrop 

v in 

Frequency is determined by a coQbination of the mngnitud~ of the 

ripple voltage and the time constant of the inductance nnd c~p~ci-

tance of the filter, nnd the output current. 

High frequency noise caused by sharp current spikes ~nd hard 

switching action requires ahort connectiono and shielding of the 

entire unit from other electronic components. Output ripple, 

dependent on the fin~l et~gc filtering, is of the order of .001%. 

Temperature sensitivity is .07% per degree ~n the range -25° to 

0 -1- 1.50 Centigrade • but may be reduced to . 007'7.. per degree C4!nttgrnde 

by the insulation of the voltage reference compon~nt. 

Figure (2) is a complete sche~~tic of the voltage regulator. 

6 
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VOLTAGF·: REFERENCE CIRCUIT 

An amplified 'hard' reference vo l tsge is provided by the 

voltage reference stage to enGure predh. t ~.h ~ e and reliable 

switching. Regulator output voltage is compared to this hard 

voltage to initiate and stop switching action as load and input 

conditions demand. Figure (5) is a schematic of the voltage 

reference circuit. 

Reference Transistor 

First Stage Switching 

q,i~V!; /Omv. 

Ripple + 22.000 volts 

10 Volt Reference 
Zener Diode 

/ooo JL 

Figure (5) - Voltage Reference Circuit 

Emitter voltage on the first stage switching transistor is 

maintained at about 9. 4 ~olts within t 10 mv. by the amplified 

effect of a high resistance 10 volt zener diode (TRANSITRON SV 4010A). 

Because the reference stage is operated in continuouG saturation, 

emmitter potential of the switching and reference trnnaiators is 

maintained constant regardless of current changes due to switching 

through the common 2.2K emmitter resistor. Current amplification 

required of the reference transistor is governed by the ratio of 

current required to ~intain constant emmittcr potential (i.e . , 

current differential equal to that produced by first switching 

stage between switch on and •witch off conditions) to ullownble 

9 



cur r ent available through l2.5K re~ illtot" that wil l ~ till allow 

zener oper a t ion on the knee of the charncterintic curve. T~ble (1) 

ia shown bel ow compar ing the regulator c~racteri~tics uDi ng lower 

beta tranft i stors i n the r eference voltage circuit . 

Quantity B - 100 B - 45 

Efficiency (400 mn) 87 .4% 79.% 

Lond regulation 30V 10 mv 5rnv 

Input regulation @ 400 mn 15 mv 92 mv 

It was alQo noted that the voltage divider circuit supplying 

the first etage switching transistor (reeistors Rg and &10 of 

Figure (2)) had to be trimmed for an output voltage of 22.000 volts 

using the lower beta transistor, indicating that the ba~e of the low 

beta reference transietor was pulling a higher current through the 

reoistor R8, and wne thus operating lower on the knee of the 

r~ference zener diode, ns ~hown in Figure (6) below. Operation 

without trimming the voltage divider circuit gave a regulator 

output voltage of 21.88 Volts. 

0 PERAT1Ntj AI<'EA t 
U.51NC; l.ow .(3 Re-,::: 

~ Ntc-, 1-1 ~ 
I OPt=RP'f"'loAJ 

t 
I 

TRANS IS T o R _y ___ _ 

v-
Figure (6) - Zener Diode operation 
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tdeal reference ?.ener diode .nnd lot., B~ta trnnsistor would hnve been 

more accept~ble in th~t cur't'ent surges of the vol tage re ference 

transistor would not have produced us large a change in bnsc reference 

voltage on the characteristic curve (Figure 6). Unfortu.ntltely, 

an ideal ~ener diode does not exist, and those lo"' resistance 

~ener diodes that nre more desirable in thie rc§pect have larger 

temperature coefficients (unless purchased n~ matcbQd pairs, nn 

expensive possibility) and thus render the Reference Circuit, flnd 

the regulator it~elf, unacceptably sensitive to ~mbient temperature. 

Effects of tempernture on reference zener voltage for the Trnn5 i tron 

1040A 10 Volt zener diode is shown in Figure 7a. Output voltnge 

no a function of zenar reference voltage is shown in Figure 7b, and 

the combination is Bho\m in Figure 8. T~m~ernture s~nfiitivity of 

the zener diode is amplified as shown in Figure 8, so that temperature 

sensitivity of the over all regulator is determined predominantly 

by the reference zencr diode. 

A 1 ufd capacitor nnd 12.5K resistoT ere necessary to keep 

the l!n~itching signat off the reference stage, and work the zener at 

itG rated current, r~spectively. 

Alternate circui.t configlrationa are shown in the Appendix 2, 

pages 1-3, but were not used due to the high cost of precision diode9 

with shnrp knees and allowable temperature coefficients. Note the 

considerable saving of parts in these circuits. 

11 
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SlHTCHIUC CIRCUIT 

Clean, hard , predict.nble switching ac tion is a prereqc i ·lite 

of output voltage stabilization. To provide these desirable 

characteristics, three parameters governing switching operation 

hnd to be investigated, and minimum requirements equalled or 

exceeded. The requirements are listed below: 

1) An invarinnt reference voltage be maintained within f. 10 

millivolts at the firet switching stage . 

2) An overall current multiplication factor exist sufficient 

to cleanly switch the power transistor on and off wlthout loading 

the voltage divider circuit supplying the switching signal. 

3) Switching transient timea be of constant duration, un-

affected by regulator input or output conditions, and fa6t enough 

ao that t~e lag between switching initiation and completion do 

not affect output voltage. 

Two conditions of the switching circuit exist: 

SWitch on: Configuration to turn the power translator on. 

Switch off: Configuration to turn the power transistor off. 

Both conditions are shown in Figures (9a) below, nnd (9b) Page 15. 

ON 

Figure (9a) - Switch on 

14 



OFF -illtQ.,l 0 B ¥ 0 

I i 1 
L=t ~ ~ 

~OFF' I ( i-) 

I 
ReF. 1 r 

-

Figure (9b) - Switch off 

The three requirements for predictable switching were sa tisfied 

using the following methods: 

1) An invariant reference voltage wae obtained at the emcitter 

of the initial switching transiltor by use of the voltage ref~rence 

circuit deacribed in Part I. 

2) An overall current multiplication factor sufficient to emplify 

the switching signal without loading the detection circuit uas 

obtained using high beta transistors (npn - 2N·l711, Beta approx 150, 

and pnp-2Nll32, Beta npprox 60), although investi gat1on8 were 

carried out using lower Beta transistors {npn-2N697, Beta of 90; 

npn-2N696, Beta of approx. 45) with re1ults as shown in Table II 

the next page (Page 16). 

15 



2N335 
B=30 

2N696 
B=45 

2N697 
B=90 

2Ul711 
B 120 

Regulation 

Load: 5mv@30V 
Voltage: 92 mM@.4Amp 

Load: 10 nw 
Voltag~: 15 mv 

Load: lOmv 
Voltage: 14mv 

Effici ency @ 
39, Volta, . 3 nmp Comments 

78% 

79% 

82% 

83% 

No switching 
@HiLoad, Lo inp\ t 

Rounded switching 
Signal 

Table II • Compnrison of operation using I.ow Beta 
Transistors. 

Although the 2N696 transistor apparently has better load regulation 

characteristics at constant voltage input, voltage regulation and 

efficiency are well below optimum. Switching action in general was 

not as hard using the low Beta transistors, switching c~rner s were 

not square and high harmonica not present, indicating use of a 

non-saturating load line in the first two sr.·rlitching stages. 

3) Switching transient times were made immune to input voltage 

by operation of the switching transistors in a 9aturnted condition, 

and use of high beta transistors. SHitching transient times were 

nmde small by use of a regenerative, or positive feedback, path from 

second to initial s~o~itching stages. All stages after the initial 

were switched between saturated and non-conducting configurations 

in times governed by the limitations of the transistors and switching 

cignals from the initial Stlitching stage. 

A step by step commentary follo\~ing the switching signa l is the 

best description of the switching circuit. All references to components 

refer to Figure (2). 

16 



l ) Potenti.al drop& at the bnae of the first !lt~g~e fl'""i tchi.n.g 

transistor, shutting it off to a nonconduct i ng configuration. 

Because the em ltter vol t age i s constan t (controlled by the re ference 

stage), collec t or potent ial rises along a l oad line as determined by 

2) A switching signal appears acr oss the load res i stor R5 , 

whi ch is common to the input (base) of the second stage . An i ncrease 

in Vc of the first stage results in an increase of Vb second stage. 

Because Ve second stage is controlled by a zener diode , i t is 

relatively stable at 12 Volts, and an increase of Vb results in an 

increase of Vb which turns the second stage on to a saturated 
e 

conducting configuration, the potential at the collector approDching 

Ve· Current through the second stage is limited by the value of 

R6, and must be sufficient to switch the third stage. Feed back 

current used to assist in biasing the initial stage through R7 is 

cut of~ first stage switching action is driven harder into nonconduc-

tion, and regeneration causes the first and second stages to switch 

even harder in their respective directions. The relative effect of 

bias of the first stage by R7 is determined by the percent of current 

it supplies, as given by the ratio 

% Current = 1 -

The net effect of the variation of the feedback resistor with 

respect to switching frequency and ripple voltngc dead zone i s 

shown in Figures (11) and (12). 

17 



3) A square wave current si.gnal Appearing at the base to 

the third stage is amplified by the third stage sufficiently to 

provide the power transistor T1 with sufficient power for switching. 

R4 is a small resistor of approximately 150 ohms to prevent 

temperature leakage of the third stage. 

4) The power transistor is switched on by current supplied 

by the third stage. 

The opposite sequence of operation occurs to turn the power 

tranaistor off, as shown diagramatically in Figure (9b). Switch

ing signals at various points in the circuit are shown in Figure (10) 

and Appendix 1. Alternate circuits were attempted using fewer com

ponents, but none proved as efficient or reliable due to a weakness 

in obtaining a hard reference voltage to initiate wwitching. 

Efficiency losses are discussed in the last section. 

18 
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POWER CONDUCTION CIRCUIT 

The power conduction circuit i s composed of the mnin power 

switching transistor T1 , an energy storage inductor L1 wound on a 

powdered iron core, and capacitor C1, and associated filter com-

ponents as shown in Figure (13) below ~ 

~ ~ L, 
o---'VVV'---lL..l-- --n-,1_-e>-_ -t...-~--el.QQJlQQQQIIQo~Qo~.~Lo..~l-c-.-

ToM 1 " i R2 
Power 
Transistor 

Surge 
Diodes 

Storage 
Filter 

Output 
Filter 

Figure (13): Power Conduction Circuit 

If a theoretically perfect power circuit were to be made it 

would have the following characteristics: 

A switch would be closed to conduct current at input potential 

to load the storage coil. This switch would be 100% efficient, 

having infinite resistance when open, zero resistance when closed, 

infinitesimal switching times, and requiring no power to complete 

switching. The output square wave would then be absolutely square 

in both current and voltage, and would be used to load a coil of 

infinite Q and zero core loss. No high frequency harmonics would 

be coupled to any other part of the circuit and output ripple voltage 

would be infinitely small. 

Obviously such a circuit is unattainable so the following 

compromises are made. 

1) Accept present power transistor switching speed and power 

dissipation specifications and design for maximum efficiency and 

22 



proper oper3tion around this component. 

2) Accept an output ripple voltage of between 100 - 200 

millivolts. 

There is no switching power transistor presently available that 

can be awitched instantaneously . The transistor used (Lockheed 

#1960893) switched from off to full on in about 2 u sec. Power , 

absorbed during the switching cycle, is required to turn the tran

sistor on and off. Although r 2R losocs also occur acroso the 

transistor, switching losses, as measured by the shaded area shown 

below in Figure (14), are instrumental in determining the efficiency 

of the overall regulator . Variation of efficiency with frequency 

is shown in Figure (18). 

Figure (14) Relative power to complete switching . 

Unfortunately, a square wave signal input of adequate power to 

measure the rise time explicitly was not obtainable, therefore all 

data taken io reported relative to the most efficiently operating 

power transistor obtainable (Lockheed 11960893) . A relative 

comparison between a fast and slow transistor is shown in Plate 2 

of Appendix 1 . It is worthy to note that the slow transistor ran 

hot at full power, whereas the fast one did not . Both had the same 

power rating. 

23 



Vol tage drop present ocros6 the power transistor in the circuit 

i s instrumental in de t ermining minimum input voltage r equ ired to load 

the induc t ance coil. As i nput voltage decrea ses, frequency decreases 

as shown in Figure (3} . Note that 24 volts is not sufficient to 

maintain switching frequency above lKc, resulting in a loss in regu

lation control na the power transistor remains a clo~ed switch, and 

the system acts as a series regulator 

Surge diodes n
1 

& n
2 

in the emmitter ci rcuit of the power 

transistor allow a spike of current to flow from ground into the 

storage coil L1 when the power transistor switches off, as shown 

in Plate 4 of Appendix 1. Coupling of this high frequency spike 

into various parts of the circuit results in extreme loss of efficien

cy and erratic operation. Other high frequency harmonics present 

in the switching signals can be traced to the power transistor, 

probably to frequency components present in the square wave output. 

These are partially attenuated by the addition of a small resistor 

R1 in the collector circuit of the power transistor which damps the 

high frequencies to an acceptable level. Other slower power tran

sistors did not require Resistor R1 to damp out high frequencies. 

Assuming that a filter is used on the output to attenuate the 

switching signal , a finite ripple voltage of 100 - 200 mv to ~tart 

and stop switching is realistic. The circuit ia therefore limited 

in switching frequency by the rate of charge and discharge of the 

storage inductor - capacitor combination within the "dead zone" 

of the ripple voltage . Graphically the circuit has a 8Witching 

frequency related to dead zone in the following manner ! 
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~I 
il 
~1 r- --- T; ------1<-J,_.-,~· 

Time required to load inductor - capacitor (L
1 

- C ) to V + ~ D 
l out 

Time required to discharge inductor - capacitor (L
1 

- c
1

) to 

Vout - ~ D 

Figure (15) - Relation of frequency to dead zone . 

Peak repple voltage valueo are relative to the final filtered 

DC level for an integrating filter Thus 6 £or a triangular ~itching 

signal shown the output voltage is quicec~nt at one-half the height 

of the dead zone. Notice that a distorted ripple voltage within 

this dead zone of any non-symmetrical shape will not yield V as 
out 

its intesral. Therefore, to prevent output voltage variation, the 

switching signal mt1y vary only in the manner such that its integral 

remains constant. A small resistor of the order of one ohm (R2) 

prevents ripple signal waveform variation with load by effectively 

acting as a phase lead netwo~k for the awi.tching signal to the i.ni tinl 

switching stage. This resistor is in fact one of the keys to reliable 

switching action, as shown in the compari~on of ripple voltage 

vave forms at high output power and lo~ input voltage of Figure (1 6) 

on Page 26 and in Plate 1 o f Appendix l . 
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Figure (16) - Comparison of ripple volta~e wave forms 
with and without R

2 
at 400 ~ and 25v input . 

Integration of the distorted ripple signal yields some value less 

~han the quiescent DC value of an integrated sawtooth wave, thus 

affecting output regulation by decreasing the level of filtered 

DC output voltage at the first switching stage. A qualitative 

frequency analysis, with and without the resistor, is shown in 

Figure (17) below· 

r 
~ 
~ ---------- '\ 

~ \ 

' \ 
\ 

\ 
\\ EFFeCT or f0,? 
\--------

\ 
\ 

\ 
Wrr11ouT ~ - '---\ 

\ 
\ 

Figure (17) - F'requency attenuation of ripple signal 
with and without resistor R

2
. 
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DISCUSSION OF EFFICIENCY 

A basic purpose for the use of a variable duty cycle voltage 

regulator is the effic i ency of operation at high loads · a good 

series regulator can achieve at least the same ouput regulation 

as the specified .1%, but lacks efficiency by the nature of its 

operation. A discussion of the sources of lo!S of efficiency of 

the var i able duty cycle regulator is -presented to shmtt where future 

improve;nents need to be made to achieve even greater superiority 

by use of improved circuit components. Table (III) is presented 

in conjunction with Figure (18) t o show uhere pouer is absorbed 

in the circuit. 

Figure (18) - Efficiency Losses. 

Table (III) 

PATH VOLTAGE CURRENT TU1E POWER %of 8.8 wntts 

1 16.5 .295 ma .75 3.65 mw .04 

2a 15 7.5 .75 112 . 5 mw .9 5 

2b 30 . 2ma .25 3. 0 ro-w . 04 

3 30 .3C'.a .75 6.8 mnr .08 

4 22.0 1mn 22.0 tmJ .27 

5 9.4 4.27ma 40 mw .49 

6 12.0 l~n 12 r.:w .18 

7 R· l ·"!hm .4.,, 
i.) (Avg) 160 1.90 

Total Switching Power (%) 3.95 



From Table (IU) it can be see.1 that the swi tching nnd volto.ge 

re fcrencc circuits accm.mt for 01tly lluou t l/3 of the power lotts 

of the circult. The 1H:her 2/3 i.s used in the comhinL1. tion of thf;! 

power transistor, inductor, or capacitor. Because the power 

trans i stor runs warm duri.ng hi.gh load conditions it appears to be 

the main source of po\Jer loss in the circuit. \olhether these losses 

are a result of sui tchln.g \Jl' I 2R losses across the transistor is 

not apparent, but Figure (18) shows the overall efficiency as a 

function of frequency thus providing a qualitati\re look at the 

i ncrease of po\7er required aa switching is increased. Becauae 

transistors are still undergoing development, it is possible that 

future power transistors may have extremely high efficiencies, 

thus allowing overall regulator efficiencies of greater than 95%. 
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I • 

Plate I 

Comparison o£ switching signals with and without 
resistor R2 • 

Top: Ripple signal with R2 installed, before filtering. 
Vertical: 50 mv/cm. Horiz: 50 usee/em. 

Middle: Ripple signal without R2 installed, showing ring-
ing and enlarged dead zone. 
Vertical: 50 mv/cm. Horiz: 50 usee/em. 

Bottom: Signal at input of first stage switching. 
vertical: oO mv/cm. Horiz:· oO ueec/om4 
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Vertical: 10 v/cm 

Horiz~ntal: 20 usee/em 

Vertical: 10 v/cm 

Hori~ontal: 1 usee/em 

Plate II(a) - Switching .of fast, low r2R lo.ss .. power ' 
transistor, 30 v. input, 300 ma. load. 
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Vertical: 10 v/cm 

Horizontal: 20 usee/em 

Vertical: lo v/em 

Horizontal: 1 usee/em 

Plate II~b) - Switching of slow, large r2R loss power 
transistor, 30 v. input, 400 rna. load. 
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Plate III 

Top: .·Ib across 2K resistor into PNP switching stage. 

Vertical: 10 v/cm Horizontal: 50 usee/em 

Bottom: Voltage driving power transistor (Vb)• 

Vertical: 10 v/cm Horizontal: 50 usee/em 
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Pla te IV 

Voltae;e across n. on e iOhm resistor in diode circuit, 

show).~g acti on of s urge ,d.Lod.e s und current spike. 

Vertic n.l: l OOmc/cm Horizonta l: 20 us ec/c~ 
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hPPENDIX 2 

.r~LTEIUI/\TE CIRCUITS 

t Om~ 
lA ~ 

0 ----:--- \J\1\J--- -~~---ffilEY-~-r-----.,------0 
~f-L 

..L.i 
·=- = 

---~5~~--~-l l/OO~ 
~2K -

V+Z 

v 

DISADVANTAGES 

1) "V" denomination zener diode ia in the emmitter of the 

switching circuit and is therefore subject to more than t he 1 ma 

ll t lihich its temperatur e rating is g iven. 

2) Reproducibility of circuit characteristics is poor due 

to the effect of vartation of the knee of the zener diode, and the 

amplificati on of this variance. 

3) Reference voltage "floats" excessively due to the large 

variation of current through the zener diode during switch on and 

switch off cycles. 
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1.52.. 
--------~----JVV¥-------~ 

130k 

DISADVANTAGES 

L) "V" denomination zener diode is in the eumitter of the 

switching circuit and is therefore subject to more than the 1 ma 

at whi ch ita temperature ret i ng 1& siven. 

2) Reproducibility of circuit characteristics is poor due 

to the effect of variat ·on of the knee of the zener diode, nnd the 

amplification of this variance 

3) Reference voltage "floats" excessively due to the large 

variation of current through the zener diode during switch on 

and switch off cycles . 
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0 

2.2.0 v. 
l 

130k 
1------/"'v'\A'\,---. 

~ 

5v I r t:.:~. I 

+ -

DISADVANTAGES 

1) Cost of obtaining a 11o 22.0 volt zener diode is excessive. 

2) Matched zener diode pair (22. 0 volts) is ·required to 

satisfy temperature coefficient specifications. 
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Where 

~ ·-

tU e (o/-z.-/- @~) /'z., ~ ~.5CxJ ~~ 

Ust"J' L z /Omh 

e "'" .5o _r..fd 
R' ~~ ol-l/l?s 

# ' 

...v 3 de!/ 
.v J0 Y 10 s~c.. 
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